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Developmental processes associated with skeletogenesis differ in the direct-developing sea urchin Heliocidaris erythro-
gramma from that in Heliocidaris tuberculata and other indirect-developing species. In H. erythrogramma, the differences
include ingression of a much higher number of mesenchyme cells, failure of the cells to form the typical ring pattern of
cells prior to the onset of skeletogenesis, a signi®cantly reduced larval skeleton, and a delay in timing of expression of the
skeletogenic cell-restricted gene msp130. We report that the heterochronic change in msp130 expression is regulated at
the level of transcription. By transient expression of reporter constructs containing msp130 promoter regions from direct-
and indirect-developing species, we found that this evolutionary change in regulation is consistent with changes in the
timing of action of trans-acting factors in skeletogenic mesenchyme cells. We further used these experiments to show that
the H. erythrogramma promoter contains elements required for correct spatial expression in the primary mesenchyme
cells of an indirect-developing host. We ®nally show that alternate processing of H. erythrogramma msp130 is thus far
speci®c to this species and not an aspect of adult skeletogenesis. q 1997 Academic Press
INTRODUCTION complex cis-acting domains, which indicates that they play
a key part in the regulatory architecture of gene expression
in development (Yuh et al., 1994; Kirchhamer and David-Gene expression in development is highly regulated (Da-
son, 1996).vidson, 1989), and the evolution of development is accom-
Related species with divergent modes of early develop-panied by and requires changes in patterns of gene expres-
ment allow the investigation of regulatory changes insion (Raff, 1996). Modi®cations of gene expression that ac-
gene expression in the evolution of developmental pro-company morphological evolution are achieved by a variety
cesses. The adults of two Australian sea urchins (genusof mechanisms involving regulatory genes and the down-
Heliocidaris) are morphologically very similar, but theirstream genes they control. Patterns of expression of master
early development differs radically. Heliocidaris tubercu-regulatory genes govern some evolutionary changes in mor-
lata, like the related American sea urchin Strongylocen-phology. For example, Burke et al. (1995) found that Hox
trotus purpuratus, exhibits an ``indirect'' mode. An indi-gene expression patterns are directly linked to vertebral
rect developer ®rst develops into a feeding pluteus larva.identities along the vertebrate body axis. In contrast, in the
Within the larva, an echinus rudiment forms, whichcase of insect segmental differentiation, Hox patterns are
emerges as a juvenile urchin at metamorphosis. Helioci-conserved, but modi®ed responses of downstream genes
daris erythrogramma, a direct developer, expresses fewgoverns evolutionary changes displayed along the body axis
pluteus larval features and does not form a feeding larva.(Carroll, 1995). Evolutionary changes in gene expression
Instead, it rapidly and directly produces a juvenile seapatterns are often the consequence of modi®cations in cis-
urchin. Several lines of evidence show that indirect devel-acting elements of that gene's promoter (Dickinson, 1988;
opment was the ancestral mode of sea urchin develop-Cavener, 1992; Wistow, 1993; Li and Noll, 1994). In sea
urchin embryos, some characterized structural genes have ment (Strathmann, 1978; Wray and Raff, 1991) and that
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direct development in H. erythrogramma has arisen H. tuberculata, the skeleton is ®rst secreted in the early
within the past 10 million years (Smith et al., 1990; gastrula stage as a set of larval spicules that grow into an
McMillan et al., 1992). We here address regulatory evolu- elaborate larval skeletal structure similar to the typical plu-
tion in these embryos to determine the locus of change teus skeleton of S. purpuratus and other indirect-developing
in gene expression in a crucial cell type. sea urchins (Parks et al., 1988). We here report on three
In the evolution of direct-developing sea urchins, dra- aspects of the evolution of msp130 expression in H. erythro-
matic changes that involve the behavior of entire cell types gramma.
have occurred. In this paper, we examine the skeletogenic The ®rst is the observed molecular heterochrony de-
mesenchyme cells of the direct-developing sea urchin, H. scribed above. A functional analysis, using transient ex-
erythrogramma, that have changed the timing and pattern pression of injected reporter constructs containing the
of the skeleton they produce in the embryo (Parks et al., msp130 promoter regions of indirect- and direct-devel-
1988). The direct-developing species produce only a small oping sea urchins, was undertaken to determine whether
remnant spicular skeleton as seen in indirect-developing primarily changes in cis-acting elements within the pro-
species. The onset of adult skeletal secretion is much earlier moter or changes in trans-acting factors within the skele-
and accelerated in direct-developing sea urchins. As a num- togenic mesenchyme cells are responsible for the ob-
ber of the same structural genes are expressed in larval and served temporal shift in msp130 expression in H. erythro-
adult skeletogenesis (Drager et al., 1989), it appears that gramma. If only cis-acting changes had occurred we
modular components of the skeletogenic cell program have would expect that reporter constructs containing the H.
been shifted in their entirety. We suggest that such an event erythrogramma msp130 promoter would exhibit a de-
has arisen as a result of cell-wide changes in transcriptional layed time of expression when injected into indirect-de-
controls rather than in cis-acting domains of individual veloping embryos. If the regulatory evolution of this gene
genes. Thus, patterns of expression of transcription factors involved changes in trans-acting factors, then we would
within these cells are proposed to underlie the observed expect to see H. erythrogramma reporter constructs ex-
evolutionary changes. pressed with the timing characteristic of endogenous
In this study, we focused on a gene, msp130, whose ex- msp130 in the indirect-developing host.
pression is limited to skeletogenic mesenchyme cells. The Second, we used the transient expression experiments to
expression of this gene has been modi®ed as part of the determine if the H. erythrogramma msp130 promoter con-
suite of changes in behavior of skeletogenic mesenchyme tains the elements required for correct spatial expression in
cells in the evolution of direct development (Parks et al., primary mesenchyme cells of indirect-developing sea ur-
1988). The msp130 gene of the indirect-developing sea ur-
chins. The evolution to direct development has involved
chin S. purpuratus encodes a 3.8-kb transcript that is ex-
changes in the developmental pattern of those mesenchyme
pressed exclusively in all skeletogenic mesenchyme cells
cells associated with skeletogenesis. Speci®cally, over 2000during the formation of both larval and adult skeletons in
mesenchyme cells ingress into the blastocoel during theindirect-developing sea urchins (Harkey et al., 1988; Leaf et
mesenchyme blastula stage (as opposed to 32 cells for H.al., 1987; Drager et al., 1989; Harkey et al., 1992). The
tuberculata). In H. erythrogramma the ring of primary mes-msp130 mRNA is ®rst observed at hatched blastula stage
enchyme cells characteristic of indirect-developing sea ur-and is continually expressed throughout early larval devel-
chins fails to form. There is a delay in and an extremeopment. The pattern of protein expression follows that of
reduction of larval skeleton formation in the direct-devel-the transcript (Anstrom et al., 1987; Leaf et al., 1987). The
oping sea urchin, accompanied by the early onset and accel-msp130 protein is an extracellular protein linked to the
eration of secretion of the characteristic fenestrated adultmesenchyme cell surface by a lipid anchor (Parr et al., 1990).
skeleton (Parks et al., 1988; Emlet, 1995). Thus, the mesen-This protein appears to be essential for larval spicule forma-
chyme cells of H. erythrogramma do not behave entirelytion and has been hypothesized to be involved in Ca2/ up-
like those of indirect developers and therefore may havetake or deposition during skeletogenesis (Carson et al.,
evolved different methods of spatially regulating gene ex-1985).
pression. However, if they retain the same spatial regulationIn the direct-developing sea urchin H. erythrogramma,
of gene expression, we would predict that promoter/reporterthe msp130 protein is not expressed in mesenchyme blas-
constructs using the H. erythrogramma msp130 promotertula or early gastrula stages. It is ®rst detected over 10 hr
would exhibit correct spatial expression in the indirect-de-later in a small subset of mesenchyme cells between late
veloping host.gastrula and early larval stages and continues to be ex-
Third, we have found that there are three msp130 tran-pressed during adult rudiment formation (Parks et al., 1988).
scripts in H. erythrogramma. These additional transcriptsThis pattern of protein expression correlates with the tim-
suggest that msp130 can be alternatively spliced. We inves-ing of the remnant larval and adult skeleton secretion in H.
tigated this alternate processing and asked if it representserythrogramma (Parks et al., 1988; Emlet, 1995). The de-
a difference thus far speci®c to this species or a molecularlayed expression pattern of msp130 is an example of a mo-
heterochrony, in which adult expression of msp130 mightlecular heterochrony associated with the change in develop-
mental mode. In the congeneric indirect-developing species involve additional transcripts.
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Reporter ConstructsMATERIALS AND METHODS
The S. purpuratus msp130 reporter constructs were made using
promoter/5* UTR fragments of the msp130 HG4B genomic cloneSea Urchins, Gametes, and Embryo Culturing
(Parr et al., 1990) and the pNL reporter construct, which contains
Lytechinus pictus and S. purpuratus were obtained from Mari- a nuclear localization signal (Gan et al., 1990b). For the Spmsp0.02
nus, Inc. (Long Beach, CA). Lytechinus variegatus was obtained construct, the BamHI±ScaI fragment (020 to /137) was ligated
from Gulf Specimens, Inc. (Panacea, FL); H. erythrogramma and into the BamHI and SmaI sites of pNL. The Spmsp0.11 construct
H. tuberculata were collected near Sydney, New South Wales, Aus- was made by ligating an additional promoter fragment (0111 to
tralia. Adult animals were induced to shed by intracoelomic injec- 020) into the Spmsp0.02 reporter construct. For the Spmsp1.10
tion of 0.55 M KCl, unless otherwise noted. Eggs were fertilized in construct, the PstI±PstI fragment of HG4B (01114 to /58) was
arti®cial sea water (in Bloomington) (MBL formula; Cavanaugh, ligated into the PstI site of pNL.
1956) or ®ltered sea water (in Sydney) with a dilute sperm suspen- The promoter/5* UTR fragments used for the H. tuberculata and
sion. Cultures were maintained at 16 ±207C (L. pictus), 207C (L. H. erythrogramma reporter constructs were obtained from genomic
variegatus), and 20±247C (H. erythrogramma and H. tuberculata). clones described elsewhere (Klueg, 1995). For the Htmsp0.22 con-
struct, the KpnI±PstI fragment (0228 to /76) of the H. tuberculata
promoter was inserted upstream of the translation start site of pNL.
For the Hemsp0.22 construct, the KpnI±PstI fragment (0218 to
Feeding of Sea Urchin Larvae /63) of the H. erythrogramma promoter was used. For the
Hemsp2.80 construct, the PstI±PstI fragment (02800 to /63) wasAn inoculum of Dunaliella tertiolecta was provided by Dr. Eliza-
cloned into pNL. Restriction mapping and sequencing were per-beth McCain and Dr. David McClay (Department of Zoology, Duke
formed on all msp130 reporter constructs to con®rm the orienta-University). Algae were cultured in h/2 enrichment medium pre-
tions of the promoter inserts. msp130 reporter constructs were lin-pared, with modi®cations, according to Guillard (1972). Modi®ca-
earized with ScaI, HindIII, or SphI.tions included the absence of silica and a change in the concentra-
The PM27 2.3± and 1.1±lacZ constructs are described elsewheretion of two trace elements: 3.5 mg/L FeCl3-6H2O and 4.8 mg/L (Harkey et al., 1995). The PM27 0.6±lacZ construct was createdNa2EDTA. After the algae cultures were concentrated by centrifu- by a HindIII and partial BglII digest (at 0625) of the PM27 2.3±gation, the culture medium was removed and immediately replaced
lacZ. For pSV±lacZ, the 0.27-kb XhoI±HindIII fragment containingwith arti®cial sea water (Instant Ocean or Reef Crystals). Three
the early promoter and start site of SV40 was excised from pSVIdays after fertilization, L. variegatus were concentrated and resus-
(Gan and Klein, 1993) and inserted into pNL. For vCol± lacZ, thepended in algae/sea water such that each larva was fed 10,000 algae
4.0-kb PstI fragment of pCAT-B/4.0 (0577 to /3426) (Goldring etand cultured at 1 larva/ml. The algae/sea water was changed every
al., 1994) was inserted in reverse orientation into pNL. Control2 days until the desired stage of development was reached.
constructs were linearized with ScaI or HindIII.
RNA Blot Analysis Microinjections
S. purpuratus and L. pictus were induced to shed by stimulatingProbes made from gel-puri®ed fragments were labeled with 32P
using the Nick Translation kit or Random Primed DNA Labeling the oral surface. This method allowed us to use adult females more
than once. After a given negative control experiment, eggs fromkit (Boehringer Mannheim). Hybridizations were carried out at 37±
427C in 50% formamide, 51 SSC (201 is 3 M NaCl, 0.3 M Na- the same female were later used to carry out experiments with
positive control constructs. Fertilized eggs were injected as de-citrate), 11Denhardt's solution (501 is 1% bovine serum albumin,
1% Ficoll, 1% polyvinylpyrrolidone), 10% dextran sulfate, 0.1% scribed in Harkey et al. (1995). Embryos were viewed on a Zeiss
Axioplan or Axioskop microscope using Nomarski optics; embryosmg/ml salmon sperm DNA. Low-stringency washes (for heterolo-
gous probes) were done at 557C in 0.5±11 SSC/0.1% SDS; high- were photographed using Kodak Gold 100 ®lm.
stringency washes were done at 657C in 0.3±0.51 SSC/0.1% SDS.
Total RNA samples from H. erythrogramma and H. tuberculata
embryos were prepared by guanidinium thiocyanate±phenol±chlo- Development and Method of Scoring Embryos
roform extraction (Chomczynski and Sacchi, 1987). Total RNA Injected with Reporter Constructs
samples from L. variegatus advanced eight-arm plutei were pre-
pared by guanidinium thiocyanate (Chirgwin et al., 1979) and cen- We have noted that the injection of exogenous DNA into sea
urchin eggs sometimes causes morphological defects in latertrifugation over a 5.7 M CsCl pad for 16 hr at 35,000g (Glisin et
al., 1974). Poly(A)/ RNA was isolated from total RNA samples by stages of development. At the mesenchyme blastula and gastrula
stages of some injected embryos there is an excess and/or rear-chromatography on oligothymidylic acid-cellulose (Aviv and Leder,
1972). rangement of mesenchyme cells. It is dif®cult to assess whether
these cell types are primary mesenchyme, secondary mesen-Samples of 10 mg of H. tuberculata total RNA from embryos, 15
mg of H. erythrogramma total RNA from embryos or L. variegatus chyme, or some other unidenti®able mesenchyme cell type. We
score such cells as ``unidenti®able mesenchyme.'' The patternadvanced eight-arm plutei were denatured with formamide, electro-
phoresed on 1% agarose± formaldehyde gels, and blotted onto nitro- of pigment cells (a kind of secondary mesenchyme) within the
ectoderm is often altered in stressed embryos. In a fraction ofcellulose. Loading of each sample was checked visually by ethidium
bromide staining. A 0.24- to 9.5-kb RNA standards ladder (BRL) injected embryos, patches of pigment cells occur randomly
within the ectoderm layer of late gastrula stage embryos. It iswas used to determine transcript sizes. In poly(A)/ RNA blot analy-
ses, 1- to 5-mg samples were loaded. therefore impossible to distinguish whether a positive cell or
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small group of positive cells on the surface of a transgenic em-
bryo is of an ectodermal or a secondary mesenchymal origin.
Injected embryos that express b-galactosidase in cells of this cat-
egory were scored as positive on the ``embryo surface.'' In addi-
tion, a fraction of microinjected embryos had not yet begun to
gastrulate. In most of these cases, primary mesenchyme cells
(PMCs) still migrate and begin spicule formation; these PMCs
were capable of expressing exogenous DNA. Such embryos that
displayed positive PMCs were scored as ``developmentally de-
layed.'' Those animals that were arrested or delayed for more
than 10 hr and had not initiated skeletogenesis were not scored.
Grossly defective embryos were not scored.
RESULTS
RNA Blot Analysis of msp130 Expression during
Heliocidaris Development FIG. 1. Developmental RNA blot analysis of msp130 expression
in Heliocidaris. (A) Developmental series of H. tuberculata totalTo determine whether the observed msp130 heteroch-
RNA probed with labeled DNA from the ®rst exon of H. tubercu-rony is due to changes in translational or transcriptional
lata msp130. Ten micrograms of total RNA from unfertilized egg
regulation, we used an RNA blot analysis. In H. tubercu- (uf egg), early blastula (e. blastula), mesenchyme blastula (m. blas-
lata, a probe made from a single exon of msp130 from this tula), and gastrula stage total RNA was loaded in each lane. (B)
species hybridizes strongly to a single transcript of approxi- Developmental series of H. erythrogramma total RNA probed with
mately 3.8 kb (Fig. 1A). The appearance of the 3.8-kb tran- labeled DNA from the eighth exon of H. erythrogramma msp130.
Fifteen micrograms of total RNA from 32-cell, 16-hr early gastrulascript is ®rst seen in hatched blastulae, prior to ingression
(e. gastrula), 24-hr larva, 53-hr larva, and 66-hr larva stage (culturesof primary mesenchyme cells. This onset coincides with
grown at 20±227C) was loaded in each lane. Equal loading of sam-the onset of msp130 expression in another indirect-devel-
ples was determined by visualization of the ribosomal RNA bandsoping sea urchin, S. purpuratus (Leaf et al., 1987). There is
in ethidium bromide-stained gels. (C) RNA blot analysis of msp130an increase in msp130 expression in mesenchyme blastulae,
expression in total RNA from H. erythrogramma 50.5-hr larva. The
but expression declines during gastrulation (Fig. 1A). These blot was probed with labeled DNA from the eighth exon of H.
levels of expression differ somewhat in timing from those erythrogramma msp130. (D) RNA blot analysis of msp130 expres-
observed for msp130 in S. purpuratus, where peak of sion in total RNA from L. variegatus 43-day-old embryos. The
msp130 expression occurs during gastrulation (Leaf et al., probes were made from a L. variegatus cDNA clone provided by
1987). Dr. Charles Marshall. The sequence of this insert begins in the 3*
half of the second glycine-rich region (corresponding to the ®fthIn H. erythrogramma, a probe made from a single msp130
exon) and ends at the 3* EcoRI site (corresponding to the eighthexon from this species hybridizes strongly to three tran-
exon).scripts of approximately 3.8, 3.0, and 1.8 kb (Fig. 1B). Expres-
sion of msp130 is not seen in blastulae or during gastrula-
tion. All three transcripts are present after gastrulation, in
larval stages. Very low levels of the three msp130 tran-
scripts are detected at 36 and 48 hr (Klueg and Raff, unpub-
msp130 probes in total RNA preparations from H. erythro-lished data). This is consistent with the observation that
gramma larvae do not have long poly(A)/ tails or may lackonly a small subset of mesenchyme cells express msp130
poly(A)/ tails entirely.protein during the early stages of skeletogenesis in H. eryth-
Because we do not have cDNA clones corresponding torogramma (Parks et al., 1988; Emlet, 1995). The levels of
the 3.0- and 1.8-kb transcripts, the distribution of msp130each of these transcripts are not coincident throughout
exons in the 3.0- and 1.8-kb transcripts was determinedthese later stages of development. As development pro-
by probing RNA blots with probes to each of the other 12gresses, the relative level of the 3.8 kb transcript increases,
exons. The results of this RNA analysis are summarizedand the relative levels of the 3.0- and 1.8-kb transcripts
in Fig. 2 and suggest that the 3.0- and 1.8-kb transcriptsdecrease (Fig. 1B).
are products of alternative splicing. Probes to exons 1±8,We isolated poly(A)/ RNA from H. erythrogramma late
12, and 13 hybridize to all three transcripts. Only onelarval total RNA. An RNA blot containing this poly(A)/
band, 3.8 kb, is detected with probes to exons 9 ±11. Sev-RNA was probed with a labeled genomic fragment (similar
eral probes from intronic sequences were made as well.to that used in Fig. 1B). A single band, approximately 3.8
Interestingly, a probe made to the third intron hybridizedkb, was observed in both larvae and adult test poly(A)/ RNA
to the 3.0- and 1.8-kb transcripts, suggesting that an addi-samples (Fig. 1C and data not shown). These results strongly
suggest that the smaller transcripts that hybridize to tional small exon may exist in this region.
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FIG. 3. Calci®ed structures in H. erythrogramma and L. variegatus larvae viewed by phase-contrast microscopy. Adult skeletal structures
are designated by arrows. (A) A 51-hr H. erythrogramma larva. (B) A magni®ed view of the larva in (A) showing the development of adult
test plates. (C) A 43-day L. variegatus feeding pluteus. (D) A magni®ed view of (C).
Do the 3.0- and 1.8-kb Transcripts Represent an to H. erythrogramma stages in which multiple msp130
transcripts are present. Total RNA was extracted fromRNA Processing Heterochrony in the Evolution of
H. erythrogramma? the entire culture and probed with labeled L. variegatus
msp130 cDNA. The probe hybridized to a single tran-
As H. erythrogramma larvae make adult skeleton almost script, approximately 3.8 kb (Fig. 1D). Hybridization to
exclusively, it is possible that the msp130 transcript pat- other RNA species was not observed. This result dis-
tern, i.e., multiple transcripts, differs from that seen in the proves the hypothesis that multiple msp130 transcripts
early development of indirect developers because the adult are generally present during adult skeleton formation in
skeleton is being secreted. If multiple msp130 transcripts both direct- and indirect-developing sea urchins. If the
are transcribed during adult skeleton formation in indirect- 3.0- and 1.8-kb transcripts in H. erythrogramma are bona
developing sea urchins, the multiple transcripts seen early ®de, functional transcripts, they do not represent a molec-
in H. erythrogramma would represent a gene processing ular heterochrony associated with adult skeletogenesis.
heterochrony in the evolution of msp130 in direct-devel-
oping sea urchins.
We tested for adult-speci®c transcripts by raising indi- Analysis of msp130 Promoter/Reporter Constructs
rect-developing L. variegatus larvae to a point in develop-
ment (43 days at approximately 207C) in which an echinus For studies of the evolution of temporal and spatial ex-
pression of msp130 and to determine whether the promotersrudiment is developing and adult skeletal formation was
easily observed by phase-contrast microscopy in more of msp130 of indirect developers are distinct from those of
H. erythrogramma, we designed reporter constructs basedthan 50% of the larvae. A comparison of the adult skeletal
formation of a 43-day-old L. variegatus larva with that of on a previous comparison of 1 kb of msp130 promoter se-
quence from S. purpuratus and H. tuberculata with that ofa 51-hr H. erythrogramma larva is shown in Fig. 3. A
magni®ed view of the skeletal structures (compare Figs. the direct-developing sea urchin, H. erythrogramma (Klueg,
1995; Klueg et al., in preparation). There is strong conserva-3B and 3D) shows that 43-day-old larvae are assembling
complex adult skeletal elements and are thus comparable tion (75±77%) within the ®rst 205 nucleotides of the proxi-
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FIG. 4. L. pictus transgenic embryos injected with PM27 and msp130 promoter/reporter constructs. (A) An embryo injected with PM27
0.6± lacZ. At this prism stage there were at least 25 PMCs expressing b-galactosidase; ectopic expression was not observed in this embryo.
(B) An embryo injected with Spmsp1.10 that expressed b-galactosidase in 16 PMCs at the late gastrula stage. (C) An embryo injected with
Spmsp1.10 that expressed b-galactosidase in 10 PMCs. Three positive PMCs are shown at the foci for triradiate spicule secretion. (D) An
embryo injected with Spmsp0.11. Two of the three PMCs expressing b-galactosidase are shown. (E, F) Two different views of an embryo
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mal promoter region among all three species. (The GenBank et al., 1995). Only in a small fraction of the embryos was
ectopic expression observed in the endoderm, secondaryaccession numbers for the S. purpuratus sequence are
M31750 and J05204. The EMBL accession numbers for the mesenchyme, and cells of the embryo ``surface'' (Table 1).
Thus, this transgenic system shows appropriate tissue-spe-H. tuberculata and H. erythrogramma sequences are
X93212 and X93213, respectively.) Overall, the distal pro- ci®c expression under the conditions employed here.
We designed two constructs as negative controls. pSV±moter regions (upstream of position0205) are not conserved
among all three species. There is substantial nucleotide con- lacZ is under the control of the early SV40 promoter, which
has been shown to function in other contexts (Gorman etservation in this region between the two Heliocidaris spe-
cies, approximately 84%. Based on sequence comparison, al., 1982), but is expected to exhibit little to no expression
in sea urchin embryos (e.g., Gan and Klein, 1990a). vCol±putative cis-acting regulatory elements common only to the
two indirect developers are not evident. lacZ contains the human Type II collagen promoter, the
collagen transcription start site, ®rst exon, and part of theWe examined the ability of various lengths of the msp130
promoter to direct correct temporal and spatial expression ®rst intron in reverse orientation. This promoter, in correct
orientation, has been shown to function in human chondro-of a b-galactosidase reporter. The msp130 promoter regions
or control promoters were inserted upstream of the transla- cytes (Goldring et al., 1994). The pSV±lacZ construct was
injected into ®ve different batches of embryos and thetional start site and nuclear localization signal of the pNL
reporter vector (Gan et al., 1990b). Two indirect developers, vCol±lacZ construct into four different batches. Cells ex-
pressing b-galactosidase were not observed in any of theS. purpuratus and L. pictus, have been shown to express
reporter constructs driven by S. purpuratus promoters (Gan 549 embryos that survived injection with pSV±lacZ or in
the 727 embryos surviving injection with vCol±lacZ. Eggset al., 1990b). The experiments reported here were done in
L. pictus because these embryos withstood injection better used in ®ve of these nine batches of embryos were tested
for the ability to express positive control reporter constructsand could be kept gravid over a longer part of the year.
However, many of the constructs designed for this study and in all cases were capable of expressing b-galactosidase
(data not shown). Thus, we do not observe unexpected PMChave been injected into both L. pictus and S. purpuratus
and have been shown to give similar expression patterns in expression of constructs lacking PMC gene promoter se-
quence and can expect PMC expression to re¯ect appro-both species (Klueg, 1995; Klueg and Raff, unpublished
data). Transgenic embryos were scored as described under priate regulation from authentic PMC gene promoter ele-
ments.Materials and Methods.
As positive controls, the DSpec1±lacZ (Gan and Klein,
1993) and Spec2a±lacZ (Gan et al., 1990b) constructs were
Spatial Expression of S. purpuratus msp130injected. In our hands, embryos injected with Spec2a±lacZ
Promoter/Reporter Constructs in L. pictusexpress b-galactosidase exclusively in the ectoderm as re-
ported by Gan et al. (1990b), and the DSpec1±lacZ To establish the minimal msp130 promoter necessary to
carry out our transgenic analysis in Heliocidaris, we madetransgenic embryos express b-galactosidase in all cell types
as previously reported by Gan and Klein (1993) (data not several S. purpuratus msp130 promoter/reporter constructs
containing varying lengths of DNA 5* to the transcriptionshown). Reporter constructs containing varying lengths of
the promoter of PM27, another PMC-speci®c expressed start site. Three or more batches of fertilized eggs were
injected for each of the three constructs. The number ofgene (Harkey et al., 1995), were used as a positive control
for the PMC lineage. A reporter construct containing 0.6 positive embryos per batch of embryos ranged from 1 to
50%. Embryos were ®xed and stained for b-galactosidasekb of the PM27 promoter directs correct spatial expression
in transgenic animals (Fig. 4A); however, in a large fraction protein at time points corresponding to late gastrula stage
in control embryos. On average, we observed 4±8 of theof these embryos, ectopic expression was observed in a
number of cell types (Table 1). Reporter constructs con- 32 PMCs expressing b-galactosidase at this stage (with an
extreme range of 1±28 of the 32 PMCs) due to the mosaictaining 2.3 or 1.1 kb of the PM27 promoter direct b-galactos-
idase expression almost exclusively in primary mesen- nature of exogenous DNA incorporation in transgenic sea
urchins (Hough-Evans et al., 1988).chyme cells in late gastrula stage embryos (Table 1; Harkey
injected with Spmsp0.11. At this late gastrula stage, two of the four PMCs that express b-galactosidase along a site of triradiate spicule
secretion are shown. (G) An example of ectopic expression in the gut seen in a fraction of the embryos injected with Spmsp0.11. This
embryo also had positive primary mesenchyme and unidenti®able mesenchyme cells. (H, I) Two different focal planes of an embryo
injected with Htmsp0.22. In H, two lateral PMCs expressing the reporter are shown. In I, one lateral PMC on the other side is positive;
one other positive lateral PMC is not shown. (J ±L) Three embryos injected with Hemsp2.80 positive for reporter expression in PMCs. In
J, two of the four positive PMCs in this late gastrula are shown at a foci for triradiate spicule secretion. One of the positive PMCs (top
arrow) exhibits lower levels of b-galactosidase expression than the other (bottom arrow). In K, four of the eight positive PMCs in this late
gastrula are shown along a spicule. In L, a positive PMC along a spicule is shown.
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TABLE 1
Expression Data from L. pictus Embryos Injected with PM27 Promoter/Reporter Constructs
Total
Unidenti®ed number of
PMC and UnIDa Ectopic Ectopic gut cell typesÐ transgenic
mesenchyme surface or SMC possibly embryos
cell types expressionb expressionc ectopic scored
PM27 2.3± lacZ 90 6 2 1 99
PM27 1.1± lacZ 42 3 1 0 46
PM27 0.6± lacZ 113 42 5(/2) 12 172
Note. Transgenic animals were classi®ed into one of four categories. The number of embryos exhibiting transgenic expression is listed
for each category.
a UnID refers to mesenchyme cell types that could not be de®nitively classi®ed as either primary or secondary.
b Embryos with ectopic expression in cells on their surface also have expression in PMCs and/or unidenti®ed mesenchyme cells.
c Embryos with ectopic expression in secondary mesenchyme cells (SMC) or gut cells also exhibit expression in PMCs and/or unidenti®ed
mesenchyme cells. The two animals represented in parentheses were also classi®ed in the ``ectopic surface expression'' category.
The Spmsp1.10 construct, containing 1.1 kb of the S. pur- Three separate experiments have con®rmed that the
Spmsp0.02 construct, in which all but 20 bp of the promoterpuratus msp130 promoter and 134 bp of the 5* UTR, directs
correct spatial expression when injected into L. pictus. Of has been deleted, including the putative TATA box, is still
capable of directing lacZ expression in late gastrula mesen-the 65 late gastrula embryos that expressed the Spmsp1.10
fusion construct, all exhibited mesenchyme-speci®c expres- chyme cells (Klueg, 1995). However, an extensive analysis
of the exact temporal and spatial pattern of expression di-sion (Table 2; Figs. 4B and 4C). None of these animals ex-
pressed the reporter in de®nitive secondary mesenchyme, rected by this truncated promoter has not been made. Thus,
the msp130 gene exhibits a minimal promoter of 100 bp orgut, or surface cells.
The Spmsp0.11 construct, containing 110 bp of the S. less by our functional criteria, and about 220 bp by sequence
homology (Klueg, 1995; Klueg et al., in preparation).purpuratus msp130 promoter and 134 bp of the 5* UTR,
was injected into L. pictus fertilized eggs and directs correct
spatial expression in late gastrula embryos (Table 2; Figs. Spatial Expression of Heliocidaris msp1304D±4F). Examination of 70 transgenic embryos expressing Promoter/Reporter Constructs in L. pictusthe Spmsp0.11 fusion construct yielded 5 animals that dis-
played ectopic expression (Table 2). Of these 5 animals, 3 To determine if the temporal and spatial patterns of re-
porter expression exhibit the donor or host species pattern,expressed b-galactosidase in the gut, 1 in secondary mesen-
chyme, and the other in secondary mesenchyme plus the constructs containing the promoter region of msp130 from
the direct-developing sea urchin, H. erythrogramma, weresurface of the embryo (for an example see Fig. 4G).
TABLE 2
Transgenic Expression of msp130 Promoter/Reporter Constructs in L. pictus Late Gastrula Embryos
Total
number of
PMC and UnIDa UnID PMC in transgenic
mesenchyme mesenchyme developmentally Ectopic embryos
Constructs PMC only cell types cell types only delayed embryos expressionb examined
S.p.msp1.10 36 16 7 6 0 65
S.p.msp0.11 20 17 20 8 5 70
H.t.msp0.22 25 1 10 5 0 41
H.e.msp2.80 29 13 13 6 0 61
Note. Transgenic animals were classi®ed into one of ®ve categories. The number of embryos exhibiting transgenic expression is listed
for each category.
a UnID refers to mesenchyme cell types that could not be de®nitively classi®ed as either primary or secondary (see Materials and
Methods for methods of classi®cation).
b Embryos with ectopic expression in cells also have expression in PMCs and/or unidenti®ed mesenchyme cells.
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FIG. 5. Late mesenchyme blastula L. pictus transgenic embryos. (A) An embryo injected with the Spmsp1.10 promoter/reporter construct.
An arrow points to one of the PMCs stained positive for b-galactosidase. This is a ventrolateral view of the embryo, displaying one of
the two points of convergence of the primary mesenchymal cell ring, where cells begin to branch and migrate toward the animal pole.
(B) An embryo injected with the Hemsp2.80 promoter/reporter construct. The faint blue cells are ingressing PMCs expressing b-galactosi-
dase. This embryo had six PMCs that expressed the reporter construct.
evaluated by transient expression in an indirect-developing parison of staining patterns in mesenchyme blastula (Fig.
host. A minimal construct, containing the 220-bp H. eryth- 5A) with those of late gastrula embryos (Figs. 4B and 4C)
rogramma proximal promoter, including the transcription shows that the signal in mesenchyme blastula is weaker,
start site and part of the 5* UTR, was inserted into pNL. suggesting that the onset of expression had recently oc-
Based on the sequence alignment (Klueg, 1995; Klueg et al., curred. This observation correlates with the onset of endog-
in preparation), this promoter/reporter construct contains enous msp130 gene expression.
the proximal promoter conserved among all three species. At late mesenchyme blastula, embryos injected with a
A longer construct, containing 2.8 kb of the H. erythro- construct containing the msp130 promoter from the direct-
gramma msp130 promoter, the transcription start site, and developing species, Hemsp2.80, also exhibited a b-galactosi-
the 5* UTR was also made, to include possible positive- or dase temporal expression pattern which corresponds to that
negative-acting regulatory elements lying far distal to the of endogenous msp130 in an indirect-developing host em-
promoter elements thought to be suf®cient for regulation bryo (Fig. 5B). Again, a comparison of the staining patterns
of msp130 activity. As a indirect-developing control, the in mesenchyme blastula (Fig. 5B) with those of late gastrula
220-bp proximal promoter of H. tuberculata was also tested. embryos expressing the same construct (Figs. 4J±4L) sug-
We scored 41 transgenic embryos expressing the gests that the onset of reporter expression occurs just prior
Htmsp0.22 construct. b-galactosidase was expressed in pri- to mesenchyme blastula, coincident with the onset of en-
mary mesenchyme or unidenti®able mesenchyme cell dogenous msp130 expression in indirect-developing sea ur-
types (Table 2; Figs. 4H and 4I); ectopic expression was not chins. The construct is expressed with spatial ®delity to
observed (Table 2). primary mesenchyme cells.
Similarly, injection experiments with Hemsp0.22 indicate
that the H. erythrogramma proximal promoter is suf®cient
to drive expression during indirect larval skeleton formation
in L. pictus (Klueg, 1995). The spatial abilities of a presumed DISCUSSION
full-length H. erythrogramma promoter in an indirect back-
ground (i.e., L. pictus) were tested with the Hemsp2.80 con-
A previous study of msp130 expression in H. erythro-struct. An analysis of 61 injected late gastrula embryos
gramma showed that this gene is expressed in skeletogenicexpressing b-galactosidase reveals that 2.8 kb of the H. eryth-
mesenchyme cells, but that both the spatial pattern of therogramma msp130 promoter was capable of driving lacZ ex-
cells is modi®ed and the timing of both skeletogenesis andpression correctly in PMCs (Table 2; Figs. 4J±4L).
msp130 expression is heterochronically delayed (Parks et
Temporal Expression of Spmsp1.10 and Hemsp2.80 al., 1988). The heterochronies observed in H. erythro-
Reporter Constructs in L. pictus gramma are complex, with many larval features reduced
and adult features initiated earlier in development. In theExpression of the Spmsp1.10 construct is ®rst detected at
mesenchyme blastula in L. pictus embryos (Fig. 5A). Com- case of H. erythrogramma msp130, expression and skeleto-
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genesis are delayed in time, but when they are initiated, it promoter, consistent with functional conservation (Klueg,
is within the context of a primarily adult pattern of skeleto- 1995; Klueg et al., in preparation). Results of injection of
genesis that occurs much earlier in development than in the Htmsp0.22 construct indicate that information required
indirect development. for correct spatial expression is contained within this re-
We have further characterized the expression of msp130 gion. Ectopic expression was not observed in the 41
in H. erythrogramma to ask if the temporal shift of expres- transgenic animals that expressed the Htmsp0.22 construct.
sion is regulated at the level of transcription, and we have However, it is possible that putative elements needed for
used msp130 promoter/reporter constructs to see if change correct levels of expression and/or redundant spatial or tem-
within the msp130 promoter is the principle mechanism poral elements reside in the distal promoter.
that underlies the changes associated with the evolution of The extent of the minimal msp130 promoter is not
direct development. During this analysis, we found that known. The ectopic expression noted with the Spmsp0.11
probes corresponding to multiple individual msp130 exons construct is consistent with a fully functional msp130 pro-
hybridize to three transcripts in H. erythrogramma. The moter consisting of at least 205 bp. The transgenic analysis
largest transcript is of the same length as the msp130 of Spmsp0.02 (data not shown; Klueg, 1995) suggests that
mRNA in the indirect-developing sea urchins S. purpuratus the TATA box of the msp130 promoter in S. purpuratus is
and H. tuberculata. msp130 is a single-copy gene in Helioci- not necessary for detectable promoter function and that the
daris (Klueg, 1995). Therefore, these extra transcripts are information contained within 20 bp of the proximal pro-
not the products of a msp130 paralog. The two smaller tran- moter and 134 bp of the 5* UTR is suf®cient for expression
scripts have the characteristics of alternatively spliced prod- in a transgenic context. Although the putative TATA box
ucts, but they are not present in polyadenylated RNA frac- is not necessary to drive expression of the lacZ reporter, the
tions, suggesting that the 3.0- and 1.8-kb transcripts lack fact that it is conserved among all three species is consistent
or have only short poly(A)/ tails. Studies of Xenopus embryo with it playing a role in expression of the endogenous gene.
mRNAs showed that mRNAs were poorly retained on oli- As the proximal promoter of msp130 appeared to contain
go(dT) columns when poly(A)/ tails were 30 (A) nucleotides the regulatory regions needed for correct spatial and tempo-
or less in length (Cabada et al., 1977; Dworkin and Dwor- ral expression, we used the proximal promoter of H. erythro-
kin-Rastl, 1985). The expression of many transcripts is regu- gramma, as well as a much longer construct, to test whether
lated by the length of the poly(A)/ tail (Dworkin and Dwor- the H. erythrogramma msp130 gene has undergone changes
kin-Rastl, 1985). A similar phenomenon has been docu- that alter the function of its promoter as part of the evolu-
mented during oogenesis in marine invertebrates, including tion of a modi®ed developmental mode. The proximal pro-
sea urchins (reviewed in Rosenthal and Wilt, 1987).
moter, Hemsp0.22, is capable of directing expression in
We have investigated the possibility that the multiple
temporal and spatial patterns similar to those of the S. pur-
transcripts in H. erythrogramma larvae recognized by
puratus constructs (data not shown; Klueg, 1995). The H.msp130 probes are present during adult skeletal formation
erythrogramma 2.8-kb construct, like those from indirectin indirect-developing sea urchins. If multiple msp130 tran-
developers, directed primary mesenchyme cell expressionscripts are produced during adult skeleton formation in indi-
and showed no delay in expression relative to endogenousrect-developing sea urchins, this would be an example of a
msp130 gene expression. These results are consistent notmolecular heterochrony in RNA processing. However,
primarily with changes in cis-acting regions of the msp130msp130 probes hybridize to only one transcript in feeding
promoter, but with changes in trans-acting factors that reg-L. variegatus larvae at a stage comparable to that of H.
ulate msp130 expression in skeletogenic mesenchyme cells.erythrogramma larvae in terms of adult skeleton formation.
Coordinate expression of a number of different genes hasThis observation indicates that multiple msp130 transcripts
been documented in several sea urchin cell lineages (re-in H. erythrogramma are thus far unique to this species.
viewed in Davidson, 1989). It has been suggested that pri-Analogous changes in transcript number have been ob-
mary mesenchyme-expressed genes may contain similarserved in the EGF family among H. erythrogramma and
cis-acting elements responsible for tissue speci®city (Ra-other sea urchins. Two EGF I transcripts are present in S.
man et al., 1993; Frudakis and Wilt, 1995). However, se-purpuratus, whereas only one is present in H. erythro-
quence comparison of the three msp130 promoters, in com-gramma (Bisgrove, 1993; Bisgrove et al., 1995). Other exam-
bination with the injection data presented here, suggestsples of idiosyncratic mRNA processing have also been ob-
that the regulation of msp130 is not dependent on thoseserved in H. erythrogramma (Haag and Raff, unpublished).
motifs shown to be required in other primary mesenchyme-Rather than revealing a mRNA processing heterochrony,
expressed genes [msp130 (this study and Parr et al., 1990),the multiple msp130 transcripts of H. erythrogramma may
SM50 (Sucov et al., 1988; Makabe et al., 1995), PM27 (Ra-represent peculiarities of this species, possibly related to
man et al., 1993; Harkey et al., 1995), and SM30 (Akaskathe evolution of its highly modi®ed pattern of early develop-
et al., 1994; Frudakis and Wilt, 1995)]. This observation isment.
similar to that for the coordinately regulated aboral ecto-Sequence comparison of the msp130 promoter regions
derm genes. Mao et al. (1994) suggest that the coordinatefrom S. purpuratus, H. tuberculata, and H. erythrogramma
shows a strong conservation of the 205 bp of the proximal expression of the aboral ectoderm genes is by the coordinate
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